dI/dx and e are orthogonal, so (dI/dx) • e ϭ 0, and therefore v ϭ 0 as well; i.e., Equation 3 predicts that the image should appear stationary in space. On the other hand, if the line orientation is perpendicular to the eye motion, v ϭ e, and the lines should be perceived to move with the eye. For intermediate orientations, the perceived motion should be always perpendicular to the afterimage lines, regardless of the direction of motion of the eye. Here we test these predictions of Equation 3, and we use fMRI to look for the predicted visual-motor interaction in primary visual cortex, V1, and in the visual motion complex, MTϩ, in the posterior temporal lobe.
Results
To identify cortical areas activated by visual motion, we presented a moving texture of randomly oriented lines, then a stationary display of the same texture. Subjects viewed these two displays in alternation while fixating on a stationary centered red dot. We localized area MTϩ at the junction of the inferior temporal and lateral occipi- 
Experiment 1: Afterimage versus Control
The first experiment determined whether MTϩ responds to an afterimage that is perceived to be moving in space, even though the image is of course stationary on the retina. Seven subjects fixated on a stationary red dot for 12 s against a large white stationary grid on a black background ( Figure 1A ). To make this stimulus comparable to that used in the control (see below), the grid was blanked for 0.2 s at 1 s intervals. Then the grid vanished and subjects tracked the fixation dot as it oscillated MTϩ showed a more sustained response ( Figure 1B) .
To compare the strengths of the fMRI responses, we computed the average activation for each subject (Figsubjects (p Ͻ 0.00001, paired t test) and within each subject (p Ͻ 0.033, paired t test). These differences ure 1C) across the same 10 s period (shaded area in Figure 1A ). Activation was stronger after the stationary likely do not reflect differences in attention (Treue and Maunsell, 1999; Huk et al., 2001) or eye motion (Newgrid than after the jumping grid, both across all seven 
some et al., 1988) because we maintained attention with
We measured fMRI responses in MTϩ. These increased during tracking, as compared to stationary fixathe same behavioral task in both conditions, and the amplitude of the tracking eye movements did not differ tion on a black background, but activation was consistently higher when tracking was perpendicular to the significantly (p Ͼ 0.05, t test). Rather, the differences relate to the presence or absence of the afterimage. But lines (Figure 2 , middle column): it was greater during vertical tracking when the afterimage was of horizontal do they specifically reflect the perceived motion of the image?
lines (p Ͻ 0.02, paired t test) and greater during horizontal tracking when the afterimage was of vertical lines (p Ͻ 0.02, paired t test). As in the first experiment, these Experiment 2: Horizontal and Vertical Lines differences cannot plausibly be attributed to differences To determine whether activation reflects perceived moin attention (subjects attended to the afterimages for tion, we conducted a second experiment that was sugcomparable lengths of time) or in eye motion (eye movegested by the proposed visual-motor interaction in ments were recorded in five of the six subjects; these Equation 3. Six subjects formed afterimages of either showed no consistent difference between the amplitude horizontal ( Figure 2A ) or vertical ( Figure 2B ) lines, then of horizontal and vertical tracking in a paired t test, p Ͼ tracked an oscillating dot horizontally or vertically in 0.6; individually, three subjects made larger tracking darkness (Ϯ2Њ/s, maximum displacement 2Њ). Recall movements horizontally than vertically, and one subject that, according to the standard, summation theory of did the reverse, but none of these differences correlated motion perception, the afterimage lines should in all with fMRI activity). And in the present experiment, the cases appear to move in the same direction as the eyes, difference also cannot be attributed to differences in while according to Equation 3, the perceived motion afterimage intensity or duration. Instead, the activity in should depend on the spatial pattern, specifically on the MTϩ seems to correlate specifically with the perception orientation of the lines. With our goggles we could not of a moving afterimage, and the motion coded there is make the lines span the visual field; therefore, our subnot the percept predicted by the summation theory, jects could see the ends of the lines, where the gradient but something more like the minimal velocity in space of illumination was not unidirectional. This complicates predicted by Equation 3, because it depends on the the predictions of Equation 3, but we minimized the orientation of the afterimage lines. complication by having the lines fade gradually at their We also measured activity in primary visual cortex, ends, so that the disruptive gradients were small ( Figure  V1 . Here, in contrast to MTϩ, there were no significant 2, left). Subjects pressed a button when the afterimage differences in activation between tracking perpendicular disappeared.
to minimal when people move their eyes parallel to the afterimage lines and maximal when they move orthogonally to the lines. Further, the direction of perceived motion should depend only on line orientation and not on the direction of eye motion. To exclude all retinal input except for the afterimage itself, we had subjects track in a completely dark room (1) a sound emitted from a small speaker attached to their slowly moving finger and (2) the afterimage of a small dot located 4Њ off the fovea. Both the orientation of the lines and the direction of tracking were randomized. Figure 3A shows the amount of perceived motion as a function of the angular difference between line orientation and the direction of tracking in the auditory/finger tracking experiment. In this subject, the smallest perceived velocity occurs around zero, when tracking was close to parallel to the line orientation. The maximum occurred near Ϯ90Њ, when tracking was perpendicular to the line orientation. For each subject, we plotted perceived speed versus the angle between the afterimage lines and the tracking direction, we fitted a sine function to these plotted points, and we interpolated, using the sine function, to find the angle at which the perceived speed was maximal. Averaged across subjects, that angle was 87Њ Ϯ 9Њ SE in the auditory/finger tracking experiment ( Figure 3B ) and 92Њ Ϯ 6Њ SE for the dot afterimage tracking experiment ( Figure 3C ). In both experiments, these angles were not significantly different from 90Њ (95% confidence interval).
In In contrast, our experiments suggest that the activity in V1 is not correlated with the perception of motion in ness of the velocity field (Hildreth and Koch, 1987). The a stationary afterimage. This agrees with studies in the brain may well apply an analogous principle when it monkey which show that V1 does not discriminate bededuces spatial motion from eye velocity in the prestween retinal slip that is produced by motion of an object ence of more complex visual stimuli than our patterns and the same retinal slip produced by motion of the eye of parallel lines. (Ilg and Thier, 1996) . In earlier studies, a small minority Our experiments do not address the important quesof V1 neurons did prefer real retinal slip over that induced tion of how eye velocity, e, is derived. The extraretinal by pursuit eye movement, but these differences may be information derived from the efference copy of the signal related to differences in the visual input (Galletti et al., generated by the oculomotor system (von Helmholtz, 1984). A similar preference has also been reported in 1867) is no doubt not the only contributor. Nor is it likely monkey areas V2 (Galletti et al., 1988) and V3a (Galletti that it is derived solely from the structural features of et al., 1990). We were not able to test these latter areas the patterns detected by the eye (Gibson, 1968) . Rather, because in our study we acquired only 8 slices, each as proposed by Wertheim (1994) , eye velocity appears 2.5 mm thick, to increase the spatial resolution, often to be derived from a combination of sources. Each leaving much of these areas outside our field of view. , the spatial gradient retinally stable afterimage, the percept of motion no interacts multiplicatively with eye velocity and with the doubt also requires these two factors: the presence of temporal rate of change of retinal activity to determine the afterimage and attention. In Experiment 2, the subthe perceived speed and direction of object motion. Our ject's task was to attend to the presence of the afterimimaging data suggest that this interaction is reflected age, not its motion, and the afterimage duration was not in the activity of the motion complex MTϩ, but not in significantly different whether pursuit was perpendicular primary visual cortex V1, and may therefore occur beor parallel to the line orientation. tween these areas or in MTϩ itself. The differences in MTϩ activation during tracking do not appear to be correlated to any differences in the that smooth pursuit eye movements are generated when subjects point to a moving acoustic target. After tracking the finger for 9 s, To reveal regions of cortex activated by visual motion, the display alternated between a moving texture of randomly oriented lines that the subject was shown a clock face and asked to indicate the direction of motion perceived in the afterimage. Also, subjects rated the filled the display and, as a control, a stationary display of the same texture. For each moving epoch, the texture was rotated, translated speed of the perceived motion on a 4-point scale (0 for no movement, 3 for fastest). This was repeated for 20 trials, each with a horizontally or vertically, or contracted and expanded while subjects fixated a small central stationary red dot. These moving and stationrandom orientation of both the displayed lines and the finger movement direction. Eight subjects were tested. ary stimuli were each viewed for 12 s and repeated 24 times. MTϩ was defined anatomically as the activation observed at the junction The subject's rating of amount of perceived motion (scale 0, 1, 2, or 3) was plotted as a function of the angular difference between of the inferior temporal and lateral occipital sulci. V1 was defined as activity within the calcarine sulcus. In 3 of the 6 subjects, this line orientation and the direction of tracking. A least squares fit of these data to a sine wave of fixed frequency was used to compute location was confirmed by comparing the activation produced by video movies presented along the horizontal and vertical meridian.
angle ( circles was randomized between trials, as was the orientation of against a black background while perceiving a negative afterimage. the parallel lines. Eight subjects were tested. During the control epoch, the afterimage was prevented from developing by periodically (1 Hz) blanking the grid and then shifting it Appendix: Derivation of the Visual-Motor randomly to evenly distributed locations to the right and left. After Interaction Equation this "no burn" period, the grid was extinguished and a weak afterimFirst, we review how the brain might deduce motion from visual age was perceived while the subjects tracked the motion of the red images when the eyes are stationary. Consider a small patch of dot. Eye movements were measured as described above. The order retina, in which the spatial gradient of illumination, at the current of the epochs for one complete scan was blank, burn, test AI, no instant, is dI/dx (x is a two-dimensional variable representing retinal burn, test AI, no burn, test AI, burn, test AI, burn, test AI, no burn, location). And suppose the pattern of illumination is moving across test AI, no burn, test AI, burn, test AI, blank. Each scan was repeated the retina with velocity v ϭ dx/dt. Then, the temporal rate of change 3 times. To control the level of attention, the subject indicated, of illumination in this patch is the product: with a button press, when this weak afterimage disappeared. Seven subjects were studied. dI/dt ϭ (dI/dx)dx/dt.
This means that the brain, knowing dI/dt and dI/dx, could compute Experiment 2 the image velocity, dx/dt, by division: dx/dt ϭ (dI/dx) Ϫ1 dI/dt (for a In this experiment, we compared the fMRI BOLD signal produced review of this gradient model, see Hildreth and Koch, 1987). But by an afterimage that was perceived as moving to one that produced there is a problem: dI/dx is a kind of vector, and there is no unique a weaker perception of motion. This condition occurs when the way to divide by a vector; in other words, the inverse (dI/dx) -1 is afterimage is that of parallel lines. A stronger percept of motion is not uniquely defined, and so dx/dt cannot be uniquely determined. produced when one pursues in a direction perpendicular to the Physically, this reflects the fact that many different dx/dt vectors afterimage lines rather than parallel to the lines. To minimize the are consistent with any values of dI/dt and dI/dx. The smallest of gradient at the ends of the lines, the lines used to "burn in" this these dx/dt vectors can be computed using the Moore-Penrose afterimage were faded at their ends. Four conditions were compseudoinverse of the vector dI/dx, (dI/dx) ϩ : pared. In one set of scans, the afterimage of horizontal lines was burnt in and we compared the fMRI response while the subject v ϭ (dI/dx) ϩ dI/dt. where v is the perceived velocity of the object in space, dx/dt is the velocity of the image across the retina, and e is eye velocity in
